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Women with anorexia nervosa and exercising women with functional hypothalamic amenorrhea experience suppressed reproductive function and elevated ghrelin concentrations (8, 13, 34, 39, 40) . Animal models have demonstrated a direct relationship between elevated ghrelin and reproductive suppression (14, 16, 43) . Kluge and colleagues (22, 23) have demonstrated that pulsatile LH secretion is suppressed in men and women following prolonged ghrelin administration, presumably indicating that a chronic elevation in ghrelin is necessary to elicit a suppression of LH pulses.
We previously conducted a 3-mo randomized controlled trial to examine the impact of caloric restriction combined with exercise on menstrual cyclicity and reproductive function in premenopausal, previously untrained women. We found that fasting and 24-h total ghrelin concentrations were elevated in the experimental group that lost weight during the intervention compared with subjects who did not exercise and maintained body weight (29, 30) . Although we have documented that our intervention produced menstrual disturbances (46), we had not examined the impact of our intervention on LH pulsatility. To date, there are no studies that have evaluated whether the chronic elevation in ghrelin concentrations following diet-and exercise-associated weight loss is accompanied by and/or associated with a decrease in LH pulsatility.
The purpose of this study was to investigate whether elevations in 24-h circulating ghrelin concentrations following an ϳ3-mo exercise and diet program associated with diet-and exercise-induced weight loss are associated with a decrease in LH pulsatility in premenopausal women. We hypothesized that 1) the women who experienced an energy deficiency would demonstrate a significant decrease in LH pulsatility compared with the women in the Control group, who would demonstrate no significant changes in LH pulsatility; and 2) there would be a significant negative correlation between changes in ghrelin concentration and changes in LH pulse frequency.
METHODS

Screening
This study was part of a larger, prospective study designed to assess changes in endocrine and reproductive function in response to a controlled feeding and exercise intervention. The intervention was implemented in sedentary women to emulate exercise and restrictive eating patterns in which many young women engage. Subjects included nonsmoking, healthy, nonexercising (Ͻ 1 h/wk purposeful exercise) women ages 18 -30 yr, 15-30% body fat, and BMI between 18 and 25 kg/m 2 . Exclusion criteria included any evidence of disordered eating or history of an eating disorder, loss/gain of a significant amount of weight (Ϯ2.3 kg) in the previous year, or use of hormonal contraceptives or medication that might alter metabolic hormones. Each subject signed an informed consent form approved by the Biomedical Institutional Review Board of The Pennsylvania State University.
Subjects provided information regarding demographics, medical history, menstrual history, and physical activity along with eating attitudes questionnaires. A fasting blood sample was obtained for analysis of a complete blood count, basic chemistry panel, and to rule out abnormal pituitary function or metabolic diseases. Psychological stability and the absence of eating disorders or risk of developing an eating disorder were established in an interview under the supervision of a clinical psychologist. Subjects met with a General Clinical Research Center registered dietician to ensure absence of aberrant dietary habits and suitability for a controlled feeding study. Documentation of 2-3 ovulatory menstrual cycles prior to the study was performed with measurements of midluteal phase serum progesterone and the midcycle urinary LH surge (First Response, Tambrands).
Subject Groupings
Following a screening and a baseline monitoring period of 4 wk, subjects completed a 3-mo diet and exercise intervention. Subjects included in this substudy were the subjects who 1) completed the 24-h blood sampling both pre-and post-intervention and 2) had been randomly assigned to either a nonexercising Control group (n ϭ 5), who consumed enough calories to maintain weight, or to the Energy Deficit group (n ϭ 16), who were prescribed and provided reductions in food calories and exercised to achieve a negative energy balance ranging from Ϫ30 to Ϫ60% compared with baseline energy needs. One subject in the nonexercising Control group was not included, because she lost over 5 kg and was not considered compliant to the protocol. One subject in the Energy Deficit group was not included because of documentation of a luteal phase defect during her control menstrual cycle.
Dietary intake during the intervention. Dietary intake was controlled throughout the intervention (30) . At baseline, each subject's daily energy requirement to maintain a stable body weight was determined through estimates of energy expenditure followed by a week-long "calibration" period allowing for adjustments in the dietary prescription if body weight fluctuated. To estimate total energy expenditure, resting metabolic rate was measured using indirect calorimetry, and this value was added to the total calories expended during a 24-h period as assessed by a triaxial accelerometer (RT3 accelerometer; Stayhealthy, Monrovia, CA) (29, 30) .
After the baseline period, the Control group continued to consume the weight maintenance calorie level estimated from the 7-day calibration period. The Energy Deficit group was provided fewer calories (mean Ϯ SE Ϫ25 Ϯ 8%) than those required to maintain initial body weight and began supervised exercise training. The diet comprised 55% carbohydrate, 30% fat, and 15% protein (29, 30) .
Exercise Training During the Intervention
Exercise was supervised throughout the entire study (29, 30) . Whereas the Control group did not perform any exercise, the Energy Deficit group performed aerobic exercise five times per week at 70 -80% of maximum heart rate as determined from tests of maximal aerobic capacity. The total amount of calories expended during each exercise session was measured using the OwnCal feature on the Polar S610 heart rate monitor (Polar Electro Oy, Kempele, Finland).
Fitness and Body Composition
Body composition was determined using hydrostatic weighing, and maximal aerobic capacity was determined using indirect calorimetry during the baseline and post-intervention time points according to previously published methods (29, 30) .
Twenty-Four-Hour Repeated Blood Sampling
Subjects reported to the General Clinical Research Center at 0730 subsequent to an overnight fast and having abstained from exercise for 24 h. An intravenous catheter was inserted into a forearm vein. Blood samples were obtained every 10 min for 24 h both before and after the 3-mo weight loss intervention. Subjects remained in a supine position with their upper body and head slightly elevated. All postural changes were recorded. Meals were provided at 0900 (breakfast), 1200 (lunch), 1800 (dinner), and 2100 (snack), and subjects consumed these meals within 30 min. Total calories over the day represented 85% of each subject's weight maintenance intake to account for negligible physical activity during the procedure. Each subject consumed a 500-calorie dinner, and the rest of the daily calories were distributed over the remaining meals (43% at breakfast, 49% at lunch, and 4% for the snack). The macronutrient composition of the food over the entire day averaged 55% carbohydrate, 30% fat, and 15% protein and was not significantly different among the three meals (29) .
Total Ghrelin
Total ghrelin was measured in duplicate in serum samples from the 24-h repeated blood sampling procedure hourly from 0800 to 1000 every 20 min from 1000 to 2000 and hourly from 2000 to 0800 using the Linco Research (St. Charles, MO) radioimmunoassay kit. Assay sensitivity was 100 pg/ml. The intra-assay and interassay coefficients of variation for the high control were 2.7% and 16.7%, respectively; the intra-assay and interassay coefficients of variation for the low control were 1.2% and 14.7%, respectively. All samples from a given subject were included in the same assay.
LH
LH was measured in serum samples from the 24-h repeated blood sampling procedure every 10 min from 0800 to 0800 using the Siemens (Deerfield, IL) Immulite kit. Assay sensitivity is 0.1 mIU/ml. The intra-assay and interassay coefficients of variation are 5.7% and 12.3%.
Data Analysis
LH pulse analysis. The time series of the 24-h LH concentrations was analyzed for pulse frequency, peak amplitude, peak height, and 24-h mean LH using the pulse detection algorithm Cluster (CLUS-TER 8) (42) . A 2 ϫ 1 pulse configuration was used with a t-statistic value of 2.0 for both upstroke and downstroke. Missing data were linearly interpolated between the two adjacent values. The LH variables of interest included mean LH, LH pulse frequency, maximal peak amplitude, mean interval between LH peaks, and LH area under the curve. LH area under the curve was calculated using the computer program Cluster (42) and was defined as the product of the mean peak amplitude and the time of the interval. Additionally, the 12-h day LH concentrations and 12-h night LH concentrations were analyzed for pulse frequency, peak amplitude, peak height, and 12-h day or night mean LH. Day LH concentrations were from 0800 to 1950; night LH concentrations were from 2000 to 0800.
Ghrelin analysis. Twenty-four-hour mean ghrelin was represented as the average of all ghrelin concentrations (pg/ml) observed in the 24-h analysis. Total ghrelin area under the curve was calculated using the trapezoidal rule. Meal peaks were defined as the highest ghrelin concentration (pg/ml) that occurred prior to the meal administration. Meal response averages were the mean of ghrelin concentrations (pg/ml) from 2 h prior through 2 h after the meal. Additionally, day and night ghrelin concentrations were analyzed separately. Day ghrelin concentrations were from 0800 to 2100; night ghrelin concentrations were from 2200 to 0800.
Statistical Analysis
Data screening prior to analysis involved outlier detection and tests of normality. A paired t-test was used to determine whether significant within-group changes occurred in LH pulse frequency and ghrelin from pre-to post-intervention. Wilcoxon signed rank tests were used when the data were not normally distributed. For comparisons of the changes between groups, independent t-tests on change scores for LH pulse parameters and ghrelin parameters were employed. MannWhitney U-Tests were used when the data were not normally distributed. Pearson correlation coefficient analyses were performed to examine relationships between LH and ghrelin when both groups were combined. Stepwise linear regression was used to determine if the change in ghrelin was an independent predictor of change in LH pulse frequency. To explore the predictors of LH pulse frequency, change in body weight, change in mean 24-h ghrelin, change in lunch peak, and change in body fat were entered into the stepwise linear regression model. All analyses were performed using SPSS software (v. 16.0; SPSS, Chicago, IL). All data were reported as means Ϯ SE.
Sample size was based on previously published data (1) demonstrating a significant correlation of serum ghrelin and serum LH in male rats. Although a population correlation of 0.72 was reported in Abou et al. (1), we chose a conservative value of 0.60. Thus, using a bivariate correlation, using two tails, a population correlation of 0.60, an alpha error probability of 0.05, and a power of 0.80, a total sample size of 19 was needed.
RESULTS
Baseline descriptive data for subjects in Control and Energy Deficit groups are shown in Table 1 . The Energy Deficit group had a higher initial height, body weight, and fat mass but were similar with respect to age, BMI, fat-free mass, and initial fitness compared with the Control group.
Changes in body composition and fitness are shown in Table  1 . As expected, the Energy Deficit group had a significant decrease in body weight, BMI, body fat percentage and fat mass, whereas the Control group demonstrated no changes in body weight, BMI, body fat percentage or fat mass. Additionally, fitness levels increased (P ϭ 0.001) in the Energy Deficit group. A one-way ANOVA demonstrated that the only change in body composition that was significantly different between the groups was fat mass, which was greater in the Energy Deficit group than in the Control group (P ϭ 0.038). Body weight changes ranged from ϩ1.1 to Ϫ7.55 kg in the Energy Deficit group and ϩ0.5 to Ϫ1.25 kg in the Control group.
Prescribed calorie intake and actual calorie intake varied less than 35 calories per week during the intervention, and no differences in this parameter existed among groups. Final macronutrient intake was in accordance with that prescribed, i.e., of 55% carbohydrates, 30% fat, and 15% protein with no differences between groups. With respect to compliance to the exercise training protocol, 15 of the 16 exercising women (94%) consistently reached their prescribed exercise calorie level per week and target exercise intensity level (70 -80% of maximal heart rate).
Ghrelin concentrations both pre-and post-intervention are presented in Table 2 . Examples of individual mean 24-h ghrelin profiles are presented in Fig. 1 . Mean 24-h ghrelin Values are expressed as means Ϯ SE. Independent t-tests were used to compare change in lunch peak and breakfast response average. Mann-Whitney U-tests were used to compare the change in mean 24 h, area under the curve, breakfast peak, dinner peak, lunch response average, and dinner response average. Paired t-tests were used to compare all ghrelin concentrations pre-vs. post-study. †Paired t-test, Pre-vs. Post-study, P Ͻ 0.05. *Meal response averages were the mean of ghrelin concentrations, pg/ml, from 2 h prior through 2 h after the meal. concentrations, 24-h ghrelin area under the curve, breakfast peak, lunch peak, dinner peak, breakfast response average, lunch response average, and dinner response average were all similar (P Ͼ 0.05) between the groups before the intervention. Paired t-tests demonstrated that the Energy Deficit group had a significant increase in mean 24-h ghrelin concentrations (P ϭ 0.002), 24-h ghrelin area under the curve (P ϭ 0.005), lunch peak (P Ͻ 0.001), dinner peak (P ϭ 0.001), breakfast response average (P ϭ 0.030), lunch response average (P ϭ 0.004), and dinner response average (P ϭ 0.004), whereas the Control group did not demonstrate any changes in ghrelin characteristics. When ghrelin data were analyzed separately for day and night, the change in mean night ghrelin (P ϭ 0.035) and the change in mean day ghrelin (P ϭ 0.006) also increased in the Energy Deficit group.
LH characteristics for both pre-and post-intervention 24-h sampling periods are presented in Table 3 . Examples of individual 24-h LH profiles are presented in Fig. 1 . Mean LH, LH pulse frequency, maximal peak amplitude, mean interval between LH peaks, and LH area under the curve were all similar (P Ͼ 0.05) between the groups before the intervention. Paired t-tests demonstrated that LH pulse frequency decreased (P ϭ 0.047) and LH area under the curve increased (P ϭ 0.021) in the Energy Deficit group, whereas no significant change was seen in any LH parameter from pre-to post-intervention in the Control group. When LH pulse characteristics were analyzed separately for day and night, the day LH pulse frequency decreased (P ϭ 0.022) in the Energy Deficit group, whereas no significant change was seen in any day or night parameters in the Control group.
Pearson correlations between change in LH pulse frequency, change in ghrelin concentrations, and changes in body composition in all subjects are presented in Table 4 . There were negative correlations between the change in LH pulse frequency and the change in mean 24-h ghrelin, 24-h ghrelin area under the curve, ghrelin lunch peak, ghrelin dinner peak, ghrelin breakfast response average, ghrelin lunch response average, and ghrelin dinner response average. There were no correlations between change in LH pulse frequency and change in BMI, fat mass, or fat-free mass. However, a positive correlation between changes in LH pulse frequency and changes in body weight was demonstrated. Change in night LH pulse frequency was correlated with mean 24-h ghrelin, day mean ghrelin, and night mean ghrelin but not body fat percentage (Table 5 ; Fig. 2) .
To explore the strongest predictors of LH pulse frequency using stepwise linear regression, all variables that were significant in bivariate correlations were entered into the prediction model in addition to variables that had previously been reported to be associated with changes in LH pulse frequency, such as body weight, BMI, fat free mass, mean ghrelin concentration (24-h, day and night), and ghrelin meal peaks. The strongest single predictor of change in 24-h LH pulse frequency was change in day mean ghrelin (R 2 ϭ 0.522, adjusted R 2 ϭ 0.485, P ϭ 0.002). However, change in percentage body fat significantly increased the variance of change in 24-h LH pulse frequency explained (cumulative model with change in day ghrelin and change in percentage body fat; R 2 ϭ 0.714, adjusted R 2 ϭ 0.667, P ϭ 0.001).
DISCUSSION
We implemented a well-controlled, intensive exercise and diet intervention in 21 premenopausal, sedentary women and demonstrated that 1) the women in the Energy Deficit group experienced a decrease in LH pulsatility, 2) the women in the Energy Deficit group experienced an increase in mean 24-h total ghrelin concentrations and several meal-related ghrelin parameters, 3) changes in ghrelin were associated with decreases in LH pulsatility, and 4) change in day mean ghrelin was the strongest independent predictor of LH pulse frequency. We speculate that changes in ghrelin may be associated with changes in LH pulse frequency independently of changes in body weight. Perhaps this is beneficial in that ghrelin can change more rapidly than body weight and therefore represents a more sensitive signal of changes in energy balance than changes in body weight (38) . Total body weight changes during an intervention employing both calorie restriction and exercise do not always agree with calculations of energy deficit, because exercise training may stimulate increases in Fig. 1 . Examples of individual LH 24-h profiles during pre-and post-intervention. A: example subject 1 was in the Control group, lost 0.1 kg body wt, increased LH pulse frequency by 0.02 pulses/h, and increased mean 24-h ghrelin by 116 pg/ml. B: example subject 2 was in the Energy Deficit group, lost 3.3 kg body wt, decreased LH pulse frequency by 0.75 pulses/h, and increased mean 24-h ghrelin by 239 pg/ml. C: example subject 3 was in the Energy Deficit group, lost 6.3 kg body wt, decreased LH pulse frequency by 0.89 pulses/h, and increased mean 24-h ghrelin by 1,072 pg/ml. Values are expressed as means Ϯ SE. Independent t-tests were used to compare change in mean LH, LH pulse frequency, maximal peak amplitude, LH area under the curve, and cycle day of testing. Mann-Whitney U-tests were used to compare the change in mean interval between LH peaks. Paired t-tests were used to compare mean LH, LH pulse frequency, maximal peak amplitude, and LH area under the curve pre-vs. post-study. Wilcoxon signed rank tests were used to compare mean interval between LH peaks pre-vs. post-study. *Paired t-test, Pre-vs. Post-study, P Ͻ 0.05. muscle mass, plasma volume (9), and body water stored with glycogen (37).
Short-term manipulations of energy intake and exercise expenditure in various combinations have consistently demonstrated that changes in energy availability are related to changes in LH pulse frequency (31, 47) . In men (7) and in women (36) , 48 h of fasting also resulted in a decrease in LH pulse frequency. Our current study extends these observations from short-term studies by demonstrating that chronic energy deficiency induces a central suppression of reproductive hormone secretion and that a primary predictor of the magnitude of this suppression is circulating total ghrelin. Numerous previous reports have demonstrated a clear association between weight loss and increases in circulating ghrelin (10, 15, 29, 30) , but none have demonstrated a significant association between this important metabolic signal and the modulation of the reproductive axis with exercise-induced weight loss. However, although changes in ghrelin were an independent predictor of changes in LH, the correlation was rather modest. This is not unexpected, since numerous other metabolic hormones have been shown to act as metabolic signals that can impact GnRH neurons (6, 45) .
Elevated ghrelin concentrations have been associated with decreases in LH in pharmacological studies conducted in men (23, 27) and women (22) . Kluge and colleagues demonstrated in men (23) and in women (22) a decrease in LH pulse frequency following four ghrelin injections (50 g) over a 12-h and a 9-h period, respectively. Similarly, Lanfranco et al. (27) demonstrated that an 8-h administration of acylated ghrelin decreased LH pulsatility. Both of those studies indicate that elevated levels of circulating ghrelin concentrations can inhibit reproductive function by decreasing LH pulse frequency. Future studies need to address more comprehensively what modulates the effects of ghrelin on LH secretion.
The underlying mechanism causing elevated ghrelin to downregulate LH secretion from the anterior pituitary is unknown. Ghrelin may impact LH pulse frequency by altering concentrations of NPY/AgRP and POMC/CART in the arcuate nucleus, either by crossing the blood-brain barrier or by signals transmitted by the vagus nerve to affect appetite and, indirectly, by impacting the hypothalamic-pituitary-ovarian axis (5, 12) . Studies in animals suggest that elevated ghrelin causes alterations in GnRH secretion from the GnRH neurons (16). Lebrethon et al. (28) administered ghrelin to male rats and demonstrated a decrease in the GnRH interpulse interval, while Furuta et al. (16) have suggested that, since ghrelin injected in ovariectomized rats decreases only LH pulse frequency and not LH pulse amplitude, ghrelin presumably affects LH secretion at the level of the GnRH pulse generator and not the anterior pituitary. The ghrelin receptor, i.e., the growth hormone secretagogue receptor, has been identified in the hypothalamic neurons including the arcuate nucleus and paraventricular nucleus (17) . Elevated ghrelin concentrations can cause alterations of neuropeptides including NPY, POMC, and kisspeptin (19, 32) . Alterations in these neuropeptides, NPY, POMC, and KiSS-1, then downregulate GnRH secretion, leading to a downstream decrease in pituitary release of LH (19, 32, 33, 35) .
It is important to note that many metabolic signals have been shown to directly or indirectly affect LH pulsatility (3, 6, 44, 45) . For example, there is much evidence to suggest that leptin is involved in regulating the hypothalamic-pituitary-ovarian axis in humans (4, 25, 45) . Welt et al. (45) administered human recombinant leptin to eight women with FHA and demonstrated an increase in LH pulsatility. Additionally, Ackerman et al. (2) recently demonstrated that elevated ghrelin and suppressed leptin concentrations were associated with suppressed LH secretion in young, exercising women. However, leptin 24-h concentrations were not measured in the current study.
A major limitation to this study is that a cause and effect relationship between ghrelin and the decline in LH pulse frequency cannot be established. However, our data add support to the concept that elevated ghrelin concentrations may cause suppression of LH pulses in exercising women who lose weight. A second limitation may be the sample size. However, the small sample size reflects the difficulties in conducting a study with a high degree of subject burden including 24-h blood draws and a controlled 3-mo intervention that involved both a supervised exercise program and a controlled feeding dietary intervention. A third limitation to this is that total ghrelin (acylated ghrelin ϩ des-acylated ghrelin) was measured as opposed to the biologically active form of ghrelin (acylated ghrelin). However, to date, the majority of weight loss studies have evaluated total ghrelin (acylated ghrelin ϩ des-acylated ghrelin) (10, 15, 18, 26, 29, 30) , and the exact endocrine function of des-acylated ghrelin in unknown. Last, while Cluster is a widely used computer software program designed to identify pulses of endocrine hormones with a specificity of ϳ99%, it does have a low sensitivity for the detection of pulses (ϳ80%), indicating that the program may not identify all true secretory bursts. Alternatively, Cluster does have a very low (ϳ1%) false-positive rate (20) . In addition to having low sensitivity, Cluster does not identify secretory bursts by statistically identifying the burst followed by exponential clearance; rather, Cluster identifies hormone pulses defined by probable amplitudes and standard deviations of the expected pulses (20, 41) . The detection of a pulse followed by detection of exponential clearance has been evaluated to be a more sensitive (sensitivity ϳ96%) method, but has a lower specificity (ϳ94%) than Cluster. In summary, our findings suggest that the changes in ghrelin associated with an energy deficiency are also associated with the change in LH pulse frequency in premenopausal women. Understanding the role of ghrelin in regulating the hypothalamic-pituitary-ovarian axis will help to elucidate the mechanism of exercise-associated menstrual disturbances. If ghrelin is directly participating in the downregulation of reproductive function in women with exercise-associated menstrual disturbances, future studies will need to investigate whether improving energy status in women with amenorrhea causes a decrease in ghrelin and if this decrease initiates the reversal of amenorrhea. Moreover, if ghrelin is mechanistically linked to the suppression of the reproductive axis with exercise and/or calorie restriction, research on whether the alteration of the timing and or frequency of meals might minimize the expected increases in ghrelin and thus prevent or reduce subsequent changes in LH pulsatility might prove useful. 
